Powerful femtosecond laser pulses that propagate through narrow ablating capillaries cause modification of capillary walls, which is studied experimentally and theoretically. At low intensities, laser-induced periodic surface structures (LIPSS) and porous coating composed of sub-micron particles appear on the walls. At higher intensities, the surface is covered by deposited droplets of the size up to 10 µm. In both cases, the ablated material forms a solid plug that completely blocks the capillary after several hundreds or thousands of pulses. The suggested theoretical model indicates that plug formation is a universal effect. It must take place in any narrow tube subject to ablation under the action of short laser pulses.
I. INTRODUCTION
The advent of high-power femtosecond lasers 1 gave impetus to development of novel plasma-based acceleration techniques that could offer new compact sources of high-energy particles or coherent radiation.
2-7 Certain of particle acceleration schemes use laser pulse guiding in plasma-filled capillaries. The capillaries serve for preventing diffraction of the pulse and extending the acceleration length either directly by reflecting the pulse from capillary walls, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] or indirectly through a specific plasma profile inside. [18] [19] [20] [21] [22] [23] [24] [25] [26] Capillary-guided laser pulses may find applications for X-ray lasing 27, 28 and highharmonic generation. 29 A novel concept of wakefield acceleration in hollow plasma channels, [30] [31] [32] [33] [34] which offers a number of advantages over usual plasma acceleration, may also stimulate interest in laser-capillary interaction. One of possible options for producing such a hollow channel could be capillary ablation under the action of a short laser pulse.
For the above-mentioned applications, it is important to understand how the capillary erodes under the action of many laser pulses. Because of a large ratio of the capillary length to the diameter, we might expect a slower erosion than that of open surfaces. The ablated material has a high probability to condense back to the walls when the capillary cools down between the pulses, and this effect gives promise of extending the capillary lifetime. The main process of interest is thus redistribution of the This paper is the extension of Ref. 17 . We study modification of narrow capillaries under the influence of short powerful laser pulses both experimentally (Sec. II) and theoretically (Sec. III). We identify formation of solid plugs as the main effect responsible for capillary degradation. A universal character of this effect and a possible cure for this problem are discussed in Sec. IV.
II. EXPERIMENTS
The experiments are performed at the Institute of Laser Physics SB RAS. The experimental setup is shown in Fig. 1 . The laser system 35 delivers 50 fs, up to 60 mJ, pointing stabilized pulses at 850 nm central wavelength with a time contrast better than 10 −8 to the capillary entrance. The capillary is rigidly fixed inside the vacuum chamber located on the five-dimensional adjustment stage. Input and output energies (E in , E out ) are registered by pyroelectric energy meters. The spacial profile of the transmitted radiation is measured by a CCD camera located 68 cm from the capillary exit. The pulses follow at 10 Hz.
The capillaries are grooved on one side of a polished oxygen-free copper plate; another (not grooved) plate closes the capillary (Fig. 2) . Each assembly (couple of plates with fastenings) contains up to 10 parallel capillaries. The capillaries selected as "good" have a nearlyequilateral triangular shape with the height (depth) 60 ± 5 µm, which is held to within ±1.5 µm along the capillary length of 2 cm. The capillary quality is controlled with a scanning electron microscope and by measuring capillary transmission at low intensities. The highest transmission (50-80%) is observed for the focal spot (on the e −2 level) of 0.6 times the channel depth. In this case, the transmitted radiation bears witness to single-mode pulse propagation [ Fig. 3(a) ]. Poor capillary quality, mismatched spot size or wrong incidence angle result in multi-mode propagation and low transmission [ Fig. 3(b,c) reported experiments, the beam focusing was not always fine tuned for the highest transmission, but this is not essential for studied phenomena.
In all experiments, the capillary transmission decreases almost linearly with the number of passed pulses (Fig. 4) . The reason for that was discovered on examining the used capillaries under a microscope: there are solid copper plugs formed at distances of 2-4 mm from the entrance (Fig. 5) . A plug initially appears as a local narrowing of the capillary (Fig. 6 ). If a grown plug is exposed to the laser beam for a long time, then the beam burns a dead-end bypass channel instead of destroying the plug (Fig. 7) .
The surface structure of used capillaries bears simi- larities with that observed in ablation or drilling experiments. At low pulse energies, the so-called laser-induced periodic surface structures [36] [37] [38] [39] [40] [41] (LIPSS) appear on capillary walls [ Fig. 6(a) ]. Unlike most of reported experiments, the rippling period in our experiments (∼3 µm) is several times larger than the laser wavelength, which may be due to waveguide-type propagation of the pulse. The modified capillary surface [ Fig. 8(left) ] and the plugs [ Fig. 6(a) ] are porous and composed of submicron-size particles. This is rather unusual in view of the fact that porous structure of debris is typical for experiments in gas and not in vacuum. [42] [43] [44] [45] Experimental evidences of porous surface production in vacuum also exist in literature, 46,47 though.
At higher pulse energies, the inner surface of capillaries is covered by deposited droplets (Fig. 9) . The droplet size depends on the local energy density in the particular place and varies between ∼100 nm and ∼10 µm. No large droplets (> 1 µm) appear if the pulse energy is below 20 mJ (Fig. 8) . The transition between areas of large and small droplets is rather sharp and located at the typical depth of plug formation (Fig. 9) . And vice versa, the plugs separate regions of large and small droplets [ Fig. 6(b) ].
Similar experiments carried out by us in helium at the pressure interval 5 × 10 −3 ÷ 1200 mbar show no measurable differences in capillary transmission and capillary lifetime. The only differences are in surface modifica- tions. A "cotton-like" structure 42, 43, 46 (bridges between the droplets) appears on capillary walls and inside the plugs (Fig. 10) . The entrance holes are surrounded by copper droplets that act as an absorbing coating and look like black halo around the holes (Fig. 11) . This is in line with experiments that show the effect of the surrounding gas on droplet formation 44, 45 and low reflectivity of the formed coatings. 
III. THEORY
In this Section, we develop a theoretical model that will give us an insight into which effects may be responsible for plug formation. We assume that the role of the laser pulse consists in instant heating of capillary walls and ablation of a certain amount of material. We also take into account that energy deposition along the capillary depends on the capillary cross-section, and the ablated material redistributes along the capillary. With these effects in the basis, we find how does the capillary crosssection change as a large number of laser pulses passes through.
Denote the distance along the capillary by z, the time by t, the capillary length by L, the energy of the laser pulse by W (z, t), the capillary cross-section by S(z, t), and the energy deposited by the pulse in a unit length of a capillary by Q(z, t). All pulses have the same energy W 0 at the point of entry at z = 0.
If the cross-section is constant along the capillary, then the pulse energy decreases exponentially with some damping distance z 0 :
If the capillary cross-section sharply decreases, the pulse energy decreases also. We assume W/S = const in this place, which in the differential form reads as
Let us combine effects (1) and (2) into a single equation. It will be an approximate one, but still suitable for qualitative studies. The pulse energy cannot grow along the capillary, so we introduce a logical operator into the equation:
Then we assume that the mass of the ablated material is proportional to the local energy release Q. After a short period of time, the capillary cools down, and the material returns back to the walls. As a result, the crosssection changes:
where the constant A accounts for the ablation rate, periodicity of pulses, and geometrical factors. The quantity Q a is proportional to the amount of re-deposited material and, for convenience, is measured in the same units as Q. Assume also that the law of material distribution is the same in all cross-sections and is determined by the convolution integral: (7), L = 2z0, and λ = 0.05z0 (e), and for the material distribution law (7), L = 10z0, and λ = 0.2z0 (f).
The exact shape of the function f (x) and the scale of its variation may affect the result, so we consider two variants:
and vary λ to determine sensitivity of our model to this parameter. If we take W 0 , z 0 , and the initial cross-section S 0 as units of measure for corresponding quantities, W 0 /z 0 as the unit for Q and Q a , and
as the time unit, then equations (3) and (4) take the universal form:
with initial (boundary) conditions
The solution of equations (9)- (11) and (5)- (7) depends only on the ratio of material expansion distance λ, pulse damping length z 0 and capillary length L. Typical solutions are shown in Fig. 12 . In the cases of interest (L z 0 λ), the capillary cross-section always goes down to zero at some place, that is, a plug is formed. The location of the plug z p depends on the material expansion distance λ, the smaller the closer to the entrance [ Fig. 12(d) ]. The result is insensitive to the choice of the material expansion law f (x), as is seen from comparison of Figs. 12(b) and 12(e). If the capillary is long compared to both λ and z 0 , and the ratio λ/z 0 is moderately small, then multiple narrow spots develop in the capillary, first of which becomes the plug [ Fig. 12(f) ]. At lower ratios λ/z 0 , a small-amplitude rippling is also visible [ Fig. 12(b),(e) ]. Therefore the plug growth can be considered as development of some instability and characterized by period and growth rate of the most unstable perturbation.
In the considered theoretical model, all parameters that are difficult to evaluate affect only the timescale t 0 of the process through the constant A. The distances can be easily measured and compared to the model; this gives an estimate for λ. In the experiments we have L = 2 cm, z p ∼ 0.3 cm, and z 0 ≈ 1 cm; the latter corresponds to the measured 60% transmission through the capillary. Then we obtain from Fig. 12(d) that λ ∼ 0.015z 0 ∼ 150 µm. This is close to the capillary width and seems a reason-able value in view of the observation that the material is transferred in the form of small droplets and therefore propagate along straight lines after ablation. The measured plug length (∼1 mm) is roughly 1/3 of z p , which also agrees with the theory. The experiments thus correspond to the case shown in Fig. 12(a) .
IV. DISCUSSION
There is a simple physical effect that underlies plug formation. The material travels in both directions along the capillary. Roughly half of the ablated material moves forward and sees a week oncoming stream, as there is almost no ablation in downstream areas. This unbalanced material flow (permanently supported by the repeating pulses) results in material accumulation at some place and formation of a plug there. Note that the model predicts plug formation even with no account of specific volume increase. In the experiments we see that the re-deposited material is porous and thus has a larger volume, which additionally favors capillary blocking.
Since the plugs are a consequence of basic effects, they may appear in various setups wherever multiple laser pulses cause material ablation inside a narrow tube. One such example is laser drilling of high aspect ratio channels. It was discovered that there exists a limit for the channel depth, and the channel is often branched in its deepest part. [49] [50] [51] The reported aspect ratio for drilling experiments with a similar pulse radius 49,51 is about 25:1, which is close to the ratio of the plug coordinate (z p ∼ 2 − 4 mm) to the final channel diameter at the entrance (∼150 µm, Fig. 8 ) in our experiments. Both the depth limit and the branching may be explained by the plugs. Once a plug appears at a certain depth, the laser drills a bypass channel similar to that shown in Fig. 7 . The bypass channel eventually gets blocked with another plug, and so on.
The mechanism of plug formation suggests a key to get rid of the plug problem. The uncompensated inward flow of the material is caused by the increased ablation rate in areas where the capillary cross-section decreases. This seems unavoidable if the ablation is caused by laser pulses. However, if the ablation would increase in areas of small cross-section, the incipient plugs would erode away. In other words, the ablation rate must inversely depend on the capillary cross-section S rather than scale as the derivative ∂S/∂z. This feature may be realized in "healing" capillary discharges that would flatten the capillary after a number of laser pulses, but this option needs further studies.
To conclude, we experimentally studied modifications of narrow ablating capillaries under the influence of multiple femtosecond laser pulses. We discovered the effect of solid plug formation inside the capillaries, described the observed plugs, and suggested a theoretical model of plug growth. Predictions of the model agrees with experiments. 
